In this study, heat and chemically treated sand was applied as an adsorbent for the removal of fluoride ions from aqueous solutions. The influence of different parameters such as calcination time, dosage, initial fluoride concentration and pH were evaluated. Results indicated that activated sand can be used for defluoridation of water. This can be achieved by coating sand with 10% Fe 2 O 3 , a calcination time of 3 h and pH around 6. The adsorption also increased with initial fluoride concentration and adsorbent dose. This study also showed that up to 90% of fluoride was adsorbed with 12 g of adsorbent in 50 ml of 10 mg/L fluoride solution. The sorption data were best described by the Freundlich isotherm. The maximum adsorption capacity was found to be 10.3 mg/g. According to these findings, physicochemically modified sand has potential application as an adsorbent for fluoride ions removal.
INTRODUCTION
Fluoride occurs mainly as fluorspar (CaF 2 ), sellaite (MgF 2 ), cryolite (Na 3 AlF 6 ) and fluorapatite [3Ca 3 (PO 4 ) 2 Ca(F,Cl 2 )]. General insolubility of these fluoride minerals means that they will only be present in groundwater when conditions favour their dissolution, or when they are introduced from anthropogenic sources. High fluoride levels are a cause of great concern in many geographical regions of the world. The effect of fluoride in drinking water has attracted significant research for several years (Cummins, 1985; Clifford, 1990; Mjengera et al., 1997; Rajchagool et al., 1997; Venkobachar et al., 1997) . It has been shown that in optimum dose in drinking water, fluoride is advantageous to health and excess concentration beyond the prescribed limits affects health negatively, as it can cause dental and/or skeletal fluorosis and affect kidney and nerve muscle function (Emamjomeh and Sivakumar, 2009 ). Up to a small level (1 to 1.5 mg/L) fluoride strengthens the enamel whereas higher concentrations ranging from 1.5 to 4 mg/L cause *Corresponding author. E-mail: cmahamadi@buse.ac.zw. Tel: +263-2717531/6. Fax: +263-7435. dental fluorosis, with the severity deteriorating to skeletal fluorosis at even higher concentrations. However, high fluoride concentrations in ground water, up to 30 mg/L occur in some parts of the world. The World Health Organization has set a guidance level of 1.5 mg L -1 for fluoride in drinking water (WHO, 1996) .
In Zimbabwe, the urban communities rely on purified municipal water while those in rural areas mostly rely on underground water like boreholes, springs and artesian wells. Research has shown fluoride levels to be high in two of Zimbabwe's districts, Chimanimani and Gokwe. In Gokwe, water from artesian wells were found to contain between 5 and 10 mg L -1 fluoride concentration, and in Chimanimani levels of 6 mg L -1 fluoride ion concentration were recorded (Tobaiwa et al., 1991) .
Dental fluorosis was reported by the same authors to be severe in school pupils in the same areas. Compared to other technologies like reverse osmosis, nanofiltration, electrodialysis and Donnan dialysis, adsorption has been considered as the most applicable technology for fluoride removal from drinking water (Crittenden et al., 2005; Hu et al., 2005; Tahaikta et al., 2007; Zhao et al., 2008) .
Various types of adsorbent materials that have been investigated for the fluoride removal potential include activated carbon, minerals, fish bone charcoal, coconut shell carbon, rise husk carbon, and biosorbent material, with varying degrees of success (Gupta, 2007; Hu et al., 2005; Ku and Chiou, 2002; Kumar, 2009; Lv, 2007) . Chidambaram et al. (2003) , established that red soils adsorbed 9 mg L -1 of fluorides within 15 min with aqueous fluoride levels decreasing down to 0.02 mg L -1 in 90 to 120 min.
In the present study, naturally occurring sand from Mashonaland Central Province of Zimbabwe was activated by chemical and heat treatment and investigated as a possible adsorbent for fluoride ions from water. The main objective was to establish the efficacy of the treated sand in adsorbing fluoride from synthetic solutions. The influence of the following calcination time, adsorbent dose, initial metal ion concentration, agitation time and pH have also been investigated in this study.
MATERIALS AND METHODS

Instruments and chemicals
All chemicals used in this work were analytical reagent quality. NaOH, HCl, Fe2O3 and NaF were supplied from Sigma-Aldrich, Germany and deionized water (Conductivity 0.001 Sm -1 ) was obtained from Trojan Nickel Mine, Bindura. The fluoride concentration was determined using a Hanna C 200 model.
Preparation of sand adsorbent
Two kilograms of sand sample was obtained from Nyaure River near Bindura, Mashonaland Central Province, Zimbabwe. The sample was sieved through 0.5 mm to remove large particles and washed with tape water until clear water was obtained. The sample was Togarepi et al. 177 then rinsed thoroughly with de-ionized water and soaked in 0.1 M NaOH for 24 h followed by further rinsing with de-ionized water until the pH was neutral. The sand was then set to dry in an oven at 250°C for 24 h. A portion of the sample (1 kg) was used as a control while the rest was mixed with different quantities of iron (III) oxide dissolved in excess NaOH. The sand-NaOH mixture was heated to the boiling point for 1 h and left to cool overnight. After filtration, the sample was dried in an oven at 150°C. The treatment with iron (III) oxide was done with different compositions, 5, 10 and 15% iron (III) oxide. The samples were further divided into three sets for determination of optimum calcination time at 550°C baking temperature. The baked samples were then ground, rinsed with deionized water and oven dried at 150°C. Standard fluoride solutions were prepared by dissolving an appropriate amount of sodium fluoride in double distilled water. A stock solution 1000 mg L -1 F -was first prepared and all solutions for adsorption and analysis were prepared by appropriate dilution of the freshly prepared stock solution.
Batch sorption tests were carried out to investigate the influence of various parameters on the efficiency of fluoride removal by the sand samples. The optimum adsorbent dose, agitation time, pH, and initial metal concentration were investigated in the ranges of 0.02 to 0.4 g ml -1 , 5 to 120 min, pH 2 to 8, 5 to 20 mg L -1 , respectively. Generally, the adsorbent was mixed with 50 ml of the fluoride solution and after adsorption process, the mixture was filtered through Whatman No. 42 filter paper. The filtrate was analysed for residual fluoride using the fluoride ion selective electrode. All fluoride sorption experiments were carried out at 25°C and agitation speed 150 rpm.
RESULTS AND DISCUSSION
Effect of adsorbent dose
The effect of adsorbent dose on adsorption of fluoride at pH 6.5 and fluoride concentration of 10 mg L -1 is shown in Figure 1 . It can be seen that the removal efficiency increases from about 28 to 90% with the increase of the adsorbent dose. It is explained that the more the addition of adsorbent in the solution, the more the availability of active sites for the fluoride binding. However, generally the purpose of studying the effect adsorbent dose is to determine the optimum amount of adsorbent for the removal of the adsorbate. The results show that the amount of fluoride removed increased with an increase in adsorbent dose nearly 90% of fluoride was adsorbed with 12 g in 50 ml of solution (0.24 g/ml). Further addition adsorbent did not, however, result in an significant increases in adsorption capacity, hence a dose of 0.24 g/ml is considered to be the optimum dose and subsequently used in further studies. Figure 2 shows that fluoride removal increased with contact time. Although kinetic experiments were not carried out in the present study, the greater the time allowed for interaction of the fluoride ions with adsorbent the great the sorption chances, with optimum sorption occurring within the first 60 min. 
Effect of contact time
Effect of pH
Fluoride adsorption at an initial fluoride concentration of 10 mg L -1 was carried out in the pH range 2 to 8, at adsorbent dose of 0.24 g/ml and 60 min sorption time. Ph adjustements were carried out using 0.1 M NaOH and 0.1 M HCl. The results illustrated in Figure 3 show that increasing pH from 2 to 6, resulted in the fluoride removal efficiency increasing from 40 to 90%. In general, the mechanism of adsorption is likely to be coupled by the release of OH -ions, hence solution pH should have an effect on fluoride adsorption. The low adsorption of fluoride in acidic pH range can be attributed to competition between adsorption behaviour and the formation of hydrofluoric acid.
According to the fluoride speciation, hydrofluoride was predominant in pH less than 3.18 (Stumm and Morgan, 1996) . As the pH is increased to the alkaline range, a sharp drop in adsorption can be observed. This may be due to a descrease in surface charges of the adsorbent and competition between the fluoride ions and hydroxyl ions for adsorption onto the sand (Barnes et al., 2009 ).
Effect of initial fluoride concentration
Equilibrium sorption models parameters generated for the removal of fluoride by the sand adsorbent are shown in Table 1 . In this study, Freundlich (1906) , Langmuir (Nemr, 2009 ) and Temkin (Temkin and Pyzhev, 1940) isotherms were tested for their fit to the soprtion data. The results showed that the Freundlich isotherm best fitted the sorption data. A maximum value for adsoprtion capacity of 10.3 mg/g F -was obtained and is compared with other adsorbent materials in Table 2 . It can be observed that physico-chemically treated sand offered a competitive capacity for the removal of fluoride from water. The results were further analysed by determining the Langmuir separation factor, R L , which is a dimensionless constant defined by the following equation:
The value of R L was found to be 0.12, which, from Table 3, indicates that the isotherm was favourable.
Effect of calcination time and amount of Fe 2 O 3 on removal of fluoride
A calcination temperature of 550°C was used when baking the chemically treated sand. Elsewhere, it was reported that temperature above 700°C caused a decline in F -binding above 900°C, the adsorption capacity was lost. From the results in Table 3 , calcination times of 3 and 4 1 / 2 h were quite effective in fluoride removal. On the chemical treatment, both 10 and 15% Fe 2 O 3 -treated sand samples showed good removal potential. On economic grounds therefore, one would recommend calcination for a period of 3 h using 10% Fe 2 O 3 for chemical treatment (Table 4) .
Conclusion
The removal of fluoride ions using heat and chemically treated sand was studied in a batch system with respect to adsorbent dose, pH, calcination time and amount of Fe 2 O 3 . The Langmuir and Freundlich isotherms were used to model the equilibrium sorption data. The results showed that using an optimum dose of 0.24 g/ml, up to 90% fluoride removal could be achieved and the optimum pH was in the range 5.7 to 6.3. It was also shown that a calniation period of 3 h using 10% Fe 2 O 3 for chemical treatment gave optimum results for fluoride removal.
